Background: The mortality burden caused by influenza cannot be quantified directly from death certificates because of underrecording; therefore, the estimated number of influenza deaths has to be obtained through statistical modelling.
Background
Influenza epidemics occur annually during winter in temperate climates and cause significant morbidity and mortality. [1] [2] [3] Although influenza epidemics are a contributing factor to the peaks in mortality observed in temperate climates during winter months, 4 quantifying the magnitude of mortality attributable to influenza is not straightforward. Influenza infection can cause a number of secondary infections and exacerbate pre-existing chronic conditions. 5 Laboratory confirmation of influenza infection in such cases is uncommon 6 ; influenza is consequently under-recorded by certifying physicians as a cause of death at registration. Also, factors such as cold weather 7, 8 and other respiratory infections, including respiratory syncytial virus (RSV), 9, 10 contribute to week-by-week variations in mortality during winter seasons. Deaths caused by influenza must therefore be estimated indirectly using statistical modelling.
One approach aims to estimate influenza mortality as an excess above a baseline mortality level, that is, the level of mortality which would be expected at that time in the absence of influenza. 1, 4, 6, 11 This type of analysis, first proposed by Serfling, 12 is based on a regression linear model of weekly death counts, with cyclical terms to allow for underlying seasonal variation whilst excluding weeks with high influenza incidence. Mortality caused by influenza can then be calculated as the difference between observed and expected mortality in the absence of influenza. However, this approach ignores temporally correlated factors such as temperature.
An alternative approach is to adjust for covariates by fitting regression models in order to predict the number of deaths based on co-incidental explanatory variables reflecting not just circulation of influenza but also other respiratory viruses and weather conditions. 2, [13] [14] [15] [16] Here, we present results from such a model, using data on positive respiratory virus isolates and temperature, to determine the number of deaths caused by influenza and RSV in the winters between 1999 and 2010 in England and Wales, including the period during which pandemic influenza A ⁄ H1N1 (2009) was the predominant circulating strain.
Methods
Daily all-cause mortality data by age group and date of death between 1 January 1999 and 23 May 2010 (Sunday week 20 2010) were obtained from the Office for National Statistics. The use of all-cause mortality data ensured that influenza and RSV deaths recorded as a result of a nonrespiratory cause (such as cardiovascular illness) were not excluded from the estimates. The number of deaths by ISO week of death was used as the outcome variable in the regression models. In England, long delays can occur between death and registration if the cause of death is not known. 17 The last 2 years of the mortality time series were therefore adjusted for reporting delay, using methods described previously. 18 A winter season was defined as week 40 in 1 year to week 20 the following year. Deaths were grouped into the age groups <15, 15-44, 45-74 and 75 years and above.
The total counts of positive influenza A, influenza B and RSV isolates, reported to the Health Protection Agency (HPA) by HPA and NHS laboratories in England and Wales, by week of specimen collection, were obtained from the HPA LabBase database for the years 1999-2010 inclusive. Denominators for these samples were not available.
Central England Temperature (CET) 19 data sets, 20 of daily series of 24-hour mean, minimum and maximum CET (in°C), were obtained from the UK Meterological Office for the period 1 January 1999 to 31 December 2010. Weekly means of these respective time series were calculated.
Age-group-specific generalised linear models were constructed to estimate the effect of temperature, influenza and RSV on weekly mortality. These models were fitted as Poisson regression models for the two age groups under 45 years; for the two oldest age groups, negative binomial regression models were used because there was evidence of overdispersion in the mortality time series. As the effect of temperature, RSV and influenza was expected to be additive rather than multiplicative, the models were fitted with an identity link. 21 This allows the sum of the number of deaths attributed to various causes in any week to equal the predicted total number of deaths for that week.
Counts of positive influenza A, influenza B and RSV specimens were included in the model as linear terms, with lags of up to 3 weeks, to allow for possible delays between infection onset and death. These counts were for all age groups combined; we assumed that the timing and relative size of seasonal influenza and RSV epidemics were similar for all age groups. As seasonal influenza strains vary in severity, season (running from week 20 in 1 year to week 19 in the next) was included as an indicator variable and interaction terms between seasons on the one hand and influenza A and influenza B on the other were included. The severity of RSV was not assumed to vary across seasons.
As three temperature time series (weekly means of the daily minimum, mean and maximum CET series) were available, simple polynomial regression models (with polynomial terms up to degree five) were fitted with mortality as outcome and weekly means of minimum, mean and maximum daily CET, respectively, as independent variables. Weekly means of the daily maximum CET appeared to explain marginally more variation in mortality than the other two temperature indicators (analysis not shown); therefore, weekly means of daily maximum CET was used initially for model selection. Sensitivity analyses were carried out by re-fitting the final model using the weekly mean minimum CET and weekly mean mean CET to assess the effect on mortality attributed to influenza, RSV and temperature for the 75 years and above age groups using these different temperature indicators.
The relationship between temperature and mortality is not linear, as both extremely hot and cold weather can lead to death. 22 Therefore, weekly means of daily maximum CET were modelled as a b-spline 23 of degree one, with four degrees of freedom. Knots were pre-specified at temperatures of 3, 19 and 27°C, because the relationship between maximum CET and mortality appeared (through plotting the mean deaths against weekly means of the daily maximum CET) to be negative below 19°C and positive above this temperature. These associations seemed particularly stronger below 3°C and above 27°C, respectively, reflecting the higher correlation between temperature and mortality during cold snaps and heat waves. Placing the knots at these points therefore also allowed for the effects of extreme weather. During model selection, the effect on model fit of amending these knots (both the number of knots and their positions) was tested to identify the knot positions that provided the best fit to the model.
To take account of underlying seasonal variability in mortality not explained by varying temperature, or influenza and RSV activity, week number was included as a cubic b-spline with 13 degrees of freedom as the initial, and maximum, number of knots (i.e. knots approximately every month of the year). Allowing more degrees of freedom for this term could result in the underestimation of other parameters. 24, 25 The number of knots of the week number spline was also tested during model selection.
Model selection was first carried out for the oldest age group, because the over 75s was deemed to be most at risk of deaths from influenza, temperature variation and RSV. Models were compared using the Akaike information criterion (AIC). The following full model was initially fitted:
b RSV;l RSV tÀl À Á þ s week t ; 3; 13 ð Þ þsðtmax t ; 1; 4Þ where Y t is the estimated number of deaths in week t, fluA t ; fluB t and RSV t are the weekly counts of positive specimens of influenza A, influenza B and RSV, respectively, in week t, with lags l of up to 3 weeks, s (week t , 3, 13) is a b-spline of week number of degree 3 with 13 degrees of freedom, s (tmax t , 1, 4) is a b-spline of degree one of tmax t , the mean of daily maximum temperatures in week t, and season i is an indicator variable taking the value 1 if season t = i and 0 otherwise; e t is an error term. We then removed terms from the model in turn to investigate whether inclusion of a particular term improved model fit in relation to the degrees of freedom. If the exclusion of a particular term lowered the AIC value, this term was excluded. First, the effect of removing lag terms was examined. Second, the number of degrees of freedom for the week number spline was tested. Finally, the number and positioning of the knots for the maximum CET spline were investigated. The final model was that for which AIC was minimised, that is, the model that provided the best fit to the data whilst maintaining parsimony.
The final regression model obtained through this procedure was refitted to mortality time series for the other three age groups. The regression parameters for influenza and RSV positive isolates for lag 0 up to lag 3 were multiplied by the respective observed values of the virus-positive isolates for a particular week and summed to obtain the weekly number of deaths for that cause. Deaths caused by influenza and RSV were then summed across each winter season, for influenza also for the period of the summer wave of H1N1 (weeks 21-39 2009). The total variance across a season was estimated as
where var e t is the variance of the residuals of the final model, and var modt is the variance of the model prediction, that is, the square of the prediction standard errors. The proportion of deaths caused by influenza and RSV each season was estimated as the predicted number of deaths caused by these respective causes divided by the total observed number of deaths caused by all causes. The estimated number of deaths or the lower limit of the 95% confidence interval (CI) was set to 0 if the estimated value was <0. All statistical analyses were carried out using R version 2.10.1 (R Development Core Team, Vienna, Austria). Ethical approval was not required.
Results Figure 1 shows weekly mortality by age group in the study period; the seasonal pattern with winter peaks in mortality is only apparent for age groups over 45 years. Figure 2 shows influenza B, also with an interaction term for year but no lag terms; RSV with lag terms for 0-3 weeks; a week number spline with nine degrees of freedom; and a spline of weekly means of daily maximum CET with two knots fixed at 20 and 27°C. Figure 3 shows the predicted number of deaths from this final model and the observed number of deaths by age group. It is clear from Figure 3 that the model predicts mortality better for older age groups, who are more vulnerable to winter mortality than children or younger adults. Table 1 shows the number of deaths attributed to influenza by age group and the predominant influenza circulating strain(s) each season. 26 Overall, influenza caused the highest proportion of deaths among the over 75s, for whom between 3% and 8% of deaths each winter season were associated with influenza infection. The largest winter epidemic in the time period occurred in the 1999 ⁄ 2000 winter, which was associated with around 4800 deaths in the 45-to 74-year-olds and nearly 20 000 deaths among the over 75s. Using mid-year population estimates from the Office for National Statistics as denominator, 27 this is equivalent to a mortality rate of 505AE7 per 100 000 population. The second highest mortality rate in the period among the over 75s, of 329AE4 ⁄ 100 000 population, was In the other age groups, the proportion of deaths caused by influenza in the summer of 2009 was similar to, or lower than, the average across the other summers in the period (analysis not shown). Table 2 shows the total number of deaths caused by RSV by age group.
The proportion of deaths associated with RSV was lowest among persons aged 15-44 years. Among children aged <15 years, the point estimate of the number of deaths caused by RSV indicated a higher proportion of deaths than for 15-to 44-year-olds. Although the number of deaths caused by RSV was not significantly different from 0 in any season in children under 15 years, the average number of deaths caused by RSV across the whole period was 54 (95% CI, 22-87). For persons aged 45-74 years, the number of deaths caused by RSV accounted for around 1% of deaths each winter season (i.e. around 1200 deaths each winter season), whereas for persons aged 75 years and above, around 2% of deaths (or 4000 deaths) each winter were attributable to RSV.
In ⁄ 2010) , or 6AE8-8AE8% of deaths in those respective seasons. Temperature variation accounted for between 4% and 5% of deaths each winter season in 15-to 44-year-olds, but the lower limit of the 95% CI for the estimated number of deaths caused by temperature was above zero for all seasons in the study period. Temperature variation accounted for approximately 3AE5% of deaths in children under 15 years each winter.
Allowing 13, instead of nine, degrees of freedom for the week number spline had little effect on the number of deaths caused by influenza for any age group. To check whether the use of a different temperature indicator affected the estimated number of deaths caused by influenza and RSV, the knots of the temperature spline were set to 7 and 14°C and for minimum and 15 and 21°C for mean CET.
The point estimate of the number of deaths caused by influenza differed by up to 28AE0% had the weekly means of daily minimum CETs been used compared to using the maximum series. However, there was overlap between the 95% CIs for the number of deaths caused by influenza estimated using the minimum CET series (point estimate 6309, 95% CI, 4894-7724) or maximum CET series ( Table 1) .
The estimated number of deaths caused by RSV would have been 10-11% higher had the minimum CET series been used instead of the maximum series. However, the number of deaths caused by temperature variation would have been 16-25% lower if the minimum temperature series had been used instead of the maximum series.
Discussion
We estimate that in England and Wales in the period 1999-2009, between 7000 and 25 000 persons died of influenza each winter. The mortality burden was concentrated among the over 75s, among whom seasonal influenza deaths account for between 2AE5% and 8AE1% of deaths each winter. However, even among persons aged 45-74 years, seasonal influenza was associated with up to 4% of deaths during a winter season. The proportion of deaths caused by influenza among persons under 45 years was considerably less than this, although there was some evidence of significant number of deaths caused by influenza in children under 15 years, as well as persons aged between 15 and 44 years in some winter seasons. The number of deaths caused by RSV accounted for around 1% and 2% of deaths each winter among persons aged 45-74 and 75 years and above, respectively; the point estimate among children <15 years indicated that 1AE5% of deaths each winter were Where total number of deaths across a season, or the limits of the confidence intervals, were below 0, these were set to 0. *2003 and 2009 had 53 weeks, respectively; thus, these seasons include one more week than the others. 28 The point estimates of the number of deaths caused by H1N1 influenza presented here are therefore consistent with the number of reported confirmed deaths; however, the 95% CIs for the point estimates are wide. The method presented here is therefore not sensitive enough to provide exact estimates in younger people where the number of deaths caused by influenza is comparatively low, and an individual-based approach based on death registration data may be required. Instead, the suggested methodology is suitable for providing estimates of the number of influenza deaths in older people during a winter season, whilst taking into account temperature variation and RSV circulation.
The model presented here appeared to be relatively robust to the temperature indicator used, and to the number of degrees of freedom allowed for unexplained seasonal variation in mortality. The relative simplicity of the model presents it as a candidate method for estimating the number of influenza deaths at the end of each season. However, because of the inclusion of the year-influenza activity interaction terms (which were required to take into account the variability of influenza severity between seasons), in-season estimates cannot be obtained.
Our estimates of the proportionate mortality burden of influenza each winter are slightly lower than the estimates presented by Pitman et al. 15 for England and Wales in an earlier time period (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) ; however, unlike the model presented here, their estimate is not adjusted for temperature variation (but for additional infections) and seasonspecific estimates are not presented. Our estimate of the total number of deaths caused by RSV in England and Wales is also consistent with that found by Pitman et al. 15 and Fleming et al. 10 for the number of RSV deaths in children.
Previously, the HPA has published estimated numbers of excess all-cause all-age deaths during the influenza season 29 ; similar to Simonsen et al. 4 these estimates have been obtained using a cyclical regression model for which mortality in weeks with high influenza circulation has been excluded. The estimated number of deaths caused by influenza presented here are generally higher than the excess winter mortality estimates published annually by the HPA. The differences are particularly large in winters with smaller winter peaks, because the HPA method requires excess mortality; if no weeks were in excess during a winter, the excess deaths estimate will be zero. Although these two estimates are not strictly comparable, it is likely that the HPA method is conservative, because it would be expected that a number of influenza-related deaths would occur even in years with lower influenza circulation, which does not result in a significant winter excess.
As this was an ecological study based on time series regression, it is possible that the estimated number of deaths caused by influenza has been confounded by other infections (e.g. respiratory bacterial pathogens 15 ) or cause, which has a similar temporal variation. By allowing for underlying seasonal variation in the model, at least some other factors that may cause week-to-week variations in mortality should have been taken into account.
This study used the number of positive isolates as the indicator of influenza and RSV activity, for which denominators were not available for the study period. Therefore, any change in the volume of samples tested could affect the consistency of this indicator as reflecting virus circulation. This is unlikely to have had an effect on the number of deaths caused by influenza, as it would have been taken into account by the influenza-year interaction term. However, for RSV, no interaction term with year was included (as the variation in severity of circulating RSV strains is less than for influenza). Therefore, the number of RSV deaths in the 2009 ⁄ 2010 winter may be an overestimate. As an alternative, the proportion of positive samples tested through one of the primary care swabbing schemes could have been used, but the small number of tests, particularly at the end or beginning of the season, may lead to an unreliable indicator of virus activity. From the 2008 ⁄ 2009 season, denominators for the number of tests are now routinely available through the HPA, and in future, these could be used to provide a more accurate indicator of influenza and RSV circulation.
The primary aim of this model was to estimate deaths caused by influenza and RSV, and therefore this model was based on weekly data (the usual timescale for assessing influenza activity).We estimated that between 30 000 and 40 000 deaths across all age groups each winter were associated with temperature variation. This is towards the higher end of previous estimates 30 ; however, the relative importance of temperature as compared to influenza as a cause of winter deaths among persons aged over 75 years is similar to earlier results. 31 Several other authors have used daily data to estimate the number of deaths caused by cold or hot weather because the mortality effects of weather has been shown to operate in the short term 7, 8, 24, 32 ; the use of daily data would lead to a model more sensitive to temperature fluctuations than using the weekly means of daily time series. Also, whilst CET is representative across a large area of England and Wales, which is useful for a country-wide study, a regional study may be more relevant to these studies, as more specific temperature indicators can be used and the effect of air pollution, which has been shown to affect short-term mortality indicators in cities, 33 can be taken into account. In addition, separating the effects of temperature from 'underlying' seasonal variation in mortality is difficult because the distinction between them is not clear. Using cause-specific mortality data could perhaps help to disentangle these effects.
Finally, in this study, we used all-cause rather than cause-specific mortality for estimating the mortality burden of influenza. Others have used only deaths caused by pneumonia and influenza. 1, 4 The advantage of using cause-specific mortality is that excess mortality caused by influenza during periods of high circulation is easier to detect, but the disadvantage is the underestimation of the size of the excess owing to lack of sensitivity and poor coding -particularly in the elderly. 34, 35 Conversely, using all-cause mortality has the disadvantage of adding noise to mortality data, but the advantage of not underestimating the number of deaths caused by influenza. This essentially means less precision but also less bias in estimating the full mortality burden. This is not a problem in the elderly where numbers of deaths (and usually deaths caused by influenza) are high, but in younger age groups, it implies that estimates are much lower (e.g. zero) or higher than would be seen using deaths caused by pneumonia and influenza. This is the reason that no influenza-related mortality was observed in younger age groups during the H1N1 pandemic despite the fact that it is known there were deaths caused by H1N1. 28 In summary, apart from the 2009 ⁄ 2010 pandemic season, influenza has been found to be associated with a high proportion of deaths, particularly among the elderly, each winter. The regression model presented here provides reasonable and robust estimates of the number of deaths caused by seasonal influenza and RSV in older age groups and could therefore be used to evaluate the mortality burden of seasonal influenza at the end of each winter season.
